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ABSTRACT
Context. Pebble accretion is expected to be the dominant process for the formation of massive solid planets, such as the
cores of giant planets and super-Earths. So, far, this process has been studied under the assumption that dust coagulates
and drifts throughout the full protoplanetary disk. However, observations show that many disks are structured in rings
that may be due to pressure maxima, preventing the global radial drift of the dust.
Aims. We study how the pebble-accretion paradigm changes if the dust is confined in a ring.
Methods. Our approach is mostly analytic. We derive a formula that provides an upper bound to the growth of a planet
as a function of time. We also implement numerically the analytic formulæ to compute the growth of a planet located
in a typical ring observed in the DSHARP survey, as well as in a putative ring rescaled at 5 AU.
Results. Planet Type-I migration is stopped in a ring, but not necessarily at its center. If the entropy-driven corotation
torque is desaturated, the planet is located in a region with a low density of dust, which severely limits its accretion
rate. If instead the planet is near the ring’s center, its accretion rate can be similar to the one it would have in a classic
(ring-less) disk of equivalent dust density. However, the growth rate of the planet is limited by the diffusion of dust in
the ring and the final planet’s mass is bounded by the total ring’s mass. The DSHARP rings are too far from the star
to allow the formation of massive planets within the disk’s lifetime. However, a similar ring rescaled to 5 AU could
lead to the formation of a planet incorporating the full ring’s mass in less than 1/2 My.
Conclusions. The existence of rings may not be an obstacle to planet formation by pebble-accretion. However, for
accretion to be effective the resting position of the planet has to be relatively near the ring’s center and the ring needs
to be not too far from the central star. The formation of planets in rings can explain the existence of giant planets with
core masses smaller than the so-called pebble isolation mass.
Key words. planets and satellites: formation; protoplanetary disks; planet-disk interactions
1. Introduction
The formation of massive planets (cores of giant planets,
super-Earths) is not yet fully elucidated. The classic model
of oligarchic growth in a disk of planetesimals has diffi-
culties producing so massive bodies within the disk’s life-
time, particularly at distances typical of the giant planets
of the solar system or warm jupiters around other stars
(Levison et al., 2010; Morbidelli et al., 2015; Johansen and
Lambrechts, 2017; Johansen and Bitsch, 2019). Oligarchic
growth in planetesimal disks is also particularly inefficient
if the initial planetesimals are mostly ∼ 100 km in size
(Fortier et al., 2013), as predicted by the streaming insta-
bility model (Johansen et al., 2015; Simon et al., 2017) and
suggested by observations of the size-frequency distribution
of the remaining solar system planetesimals (for asteroids
see e.g. Morbidelli et al., 2009, Delbo et al.; for Kuiper-belt
objects see e.g. Morbidelli and Nesvorny, 2020).
For these reasons, a new paradigm for planet formation
has been developed in the last decade, dubbed pebble ac-
cretion (Ormel and Klahr, 2010; Lambrechts and Johansen,
2012, 2014; Lambrechts et al., 2014; Levison et al. 2015;
Ida et al. 2016; Ormel, 2017, to quote just a few). In this
paradigm, planets grow by accreting small solid material
(dust grains, pebble-sized objects) as this material drifts
radially in the disk due to aerodynamic drag. If the flux of
material is sufficiently large, planetary cores of 10-20 Earth
masses can form within the lifetime of the disk.
Nevertheless, the models of pebble accretion developed
so far are quite simplistic because they assume a continu-
ous flux of pebbles as if their initial reservoir had an in-
finite radial extension. However, protoplanetary disks are
not infinitely wide. The median observed sizes (in gas) of
Class-I and Class-II disks are 100 and 200 AU respectively,
although some exceptional ones can extend to ∼ 1, 000 AU
(Najita and Bergin, 2018). Due to observational biases, the
real medians are certainly smaller. There is evidence that
the protoplanetary disk of the solar system did not exceed
80 AU in radial extension (Kretke et al., 2012). Given the
expected rates of growth and radial drift of dust ( Brauer
et al., 2008; Birnstiel et al., 2010, 2016), in disks of these
sizes the flux of pebbles is expected to last much less than
the lifetime of the disk. For instance, Sato et al. (2016) es-
timated that the flux of pebbles should decay sharply after
a time t ∼ 2× 105(rgas/100AU)3/2 y, where rgas is the ra-
dius of the gas-disk. As a corollary, one would expect that
protoplanetary disks at several AUs from the star become
dust-poor very rapidly because of dust’s growth and drift
(Birnstiel et al., 2010; Rosotti et al., 2019), but observa-
tions show that disks remain dust-rich (compared to gas)
for at least a few My (Manara et al., 2016), given the good
correlation existing between the gas accretion rate onto the
central star and the disk mass in dust. There is no evidence
that disks are systematically smaller in dust than gas, be-
cause the observed ratios (typically rgas/rdust ∼ 2 - Najita
and Bergin, 2018; Ansdell et al., 2018) could simply be the
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consequence of optical depth effects (Trapman et al., 2019).
For balance, it should be said that the size of disks in gas
is also very uncertain and may depend on the tracer that
is used (Anderson et al., 2019).
Another issue with the pebble accretion paradigm is
that it is inefficient. To form a core of 10 Earth masses
starting from a Moon-mass seed, more than 100 Earth
masses of pebbles/dust have to pass through the plane-
tary orbit, most of which are not accreted by the growing
planet (Morbidelli et al., 2015; Bitsch et al., 2019). The
same is true for the formation of a system of super-Earths
(Lambrechts et al., 2019). These unaccreted pebbles/dust
should accumulate at the inner edge of the disk, where the
transition from a turbulent to a more quiescent gas is ex-
pected to create a local maximum in the pressure radial
distribution (Flock et al., 2016, 2017). There, the accumu-
lated material should form massive planets (Flock et al.,
2019). The corollary is that every star should have close-in
massive planets, which is not observed.
These problems could be solved if the dust grows much
more slowly than expected in coagulation models and so
drifts towards the star on longer timescale (Johansen et
al., 2019). However, in this case the planets would also grow
more slowly (because the pebbles are smaller). Moreover,
the observations of disk at mm-wavelength suggest that
mm-size dust does exist in disks. Another possibility is that
in protoplanetary disks there are impediments to dust-drift,
possibly due to the presence of multiple pressure bumps
(Pinilla et al., 2012). Indeed, recent high-resolution observa-
tions with ALMA show that most protoplanetary disks have
ring-like structures (ALMA partnership 2015; Andrews et
al., 2018; Long et al., 2018; Dullemond et al., 2018), in-
dicating that bottlenecks for dust-drift exist at multiple
locations.
The origin of these rings is still debated. Magneto-
hydrodynamical (MHD) simulations show that the surface
density distribution of disks can become a radial wavy func-
tion (Bethune et al., 2017), leading to the formation of
multiple pressure bumps and hence of dust rings (Riols et
al., 2019). More subtle dust-gas instabilities can also gener-
ate dust rings (Tominaga et al., 2019). On the other hand,
massive planets can open gaps in the gas distribution and
generate pressure bumps (e.g. Zhang et al., 2018; Weber
et al., 2019; Yang and Zhu, 2020; Wafflard-Fernandez and
Baruteau, 2020). Thus, whether rings are a prerequisite for
planet formation or a consequence of planet formation is not
yet known. Similarly, for the solar system there is evidence
that the dust from the outer disk did not penetrate in large
quantities into the inner disk, leading to the observed di-
chotomy in the isotopic properties of inner and outer solar
system planetesimals (Kurijer et al., 2017). Whether this
separation between inner and outer disk’s dust was due to
the existence of a pressure bump in the disk (Brasser and
Mojzsis, 2020) or to the formation of Jupiter (Kruijer et
al., 2017) is under debate.
This short paper places itself in the first hypothesis
(rings exist before planet formation takes place) and ex-
plores how the pebble accretion paradigm changes in pres-
ence of rings. If rings are a consequence of planet formation,
what follows can be regarded as a description of how a sec-
ond generation of planets can grow, from the rings induced
by the formation of the first generation. Two important
assumptions of this work are that (i) the rings are due to
pressure maxima, as advocated by Dullemond et al. (2018),
and (ii) they are long-lived structures which, frankly, is not
known. If the rings are ephemeral, or just the result of a
modulation of the dust drift speed, they probably don’t
have a significant impact on planet accretion.
There are three big changes in the pebble-accretion nar-
rative if the dust is confined in rings. First, there is no net
radial drift of dust. Dust diffuses back and forth within
the ring, which gives to the planet multiple chances to ac-
crete it, alleviating the inefficiency of pebble accretion upon
a single passage of a dust grain through the planet’s or-
bit. Second, the reservoir of solid mass available for planet
growth is finite, limited by the mass of the ring. Third, there
is no differential azimuthal velocity between the planet and
gas/dust near the pressure maximum. Section 2 analyzes
all of these aspects, leading to an analytic upper bound
of the planet’s growth as a function of ring mass, turbu-
lent diffusion and dust’s Stokes number. Section 3 will then
present a more detailed computation of the growth of a
planet in the rings observed in the DSHARP survey, dis-
cussed in Dullemond et al. (2018). The results are discussed
in section 4.
2. Dust dynamics in a ring and its accretion by a
planet
The formation of a dust ring in the disk is most likely due
to the appearance of a pressure bump in the disk, whatever
the cause for this pressure bump (e.g. MHD instabilities,
dust-gas instabilities, the existence of other planets). As in
Dullemond et al. (2018), we assume that the radial pressure
profile is Gaussian, namely:
p(r) = p0 exp
(
− (r − r0)
2
2w2
)
. (1)
where r0 is the center of the pressure maximum and w its
width.
Because of gas drag, the dust is attracted towards the
pressure maximum, with a radial speed that is
vr(r) = − H
2Ωτ
w2(1 + τ2)
(r − r0) (2)
(see formula 44 in Dullemond et al., 2018), where H is the
pressure scale-height of the disk, Ω is the keplerian orbital
frequency and τ is the dust’s Stokes number1.
On the other hand, the dust undergoes also turbulent
diffusion. The diffusion coefficient for the dust is (Youdin
and Lithwick 2007):
Dd =
D
1 + τ2
(3)
where D is the turbulent diffusion in the gas, usually as-
sumed to be equal to its viscosity which, following the α-
prescription of Shakura and Sunyaev (1973), gives D =
αH2Ω, where α is the turbulent parameter. Observations
of the dust distribution in disks suggest that α = 10−4–
10−3 (Pinte et al., 2016; Dullemond et al., 2018).
The balance between diffusion (which tends to disperse
the dust) and the drag force (which tends to bring the dust
1 The original formula in Dullemond et al. uses the sound
speed cs, which is equal to HΩ.
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back towards the pressure maximum) gives the dust the
steady state radial distribution:
Σd(r) = Σd,0 exp
(
− (r − r0)
2
2w2d
)
(4)
with a width wd related to the width w of the pressure
bump by the relationship
wd = w/
√
1 + τ/α (5)
(Dullmond et al., 2018), which reduces to the often quoted
relationship wd = w
√
α/τ for α  τ . Dullemond et al.
(2018) show that there is typically an order of magnitude
contrast between the center of the ring and its border (the
“gap” between rings), arguing that the description given by
eq. (4) is valid for |r − r0| . 2wd.
The dynamics of the growing planet responds to the
surface density distribution of the gas Σg, which sets its
migration speed and direction. The latter is related to the
the pressure profile by the relationship
p(r) = c2sΣg/(
√
2piH) , (6)
where cs = HΩ is the sound speed. Assuming for simplicity
H ∝ r (flat disk) one gets Σg(r) ∝ r2p(r), with p(r) given
by (1). It is trivial to see that Σg(r) is proportional to r
2 at
the location of the pressure maximum r0, whereas it has a
maximum at rM = r0(1 +
√
1 + 8w2/r20)/2. For w/r0  1
the location of the maximum of Σg can be approximated by
rM = r0+2w
2/r0. Approximating Σg(r) near its maximum
by a parabolic profile, we then find that that Σ(r) ∝ 1/r
at r1 = r0 + 3w
2/r0.
The planet’s radial migration in disks with arbitrary
surface density profiles has been studied in detail in
Paardekooper et al. (2010, 2011). They demonstrated that
the planet feels a torque Γ from the disk that is:
Γ =
Γ0
γ
[
(−2.5− 1.7b+ 0.1a) + 1.1fv(ν,M)
(
3
2
− a
)
+ fE(ν, χ,M)
(
7.9
ξ
γ
)]
, (7)
where Γ0 = [(M/M∗)(rp/Hp)]2Σg(rp)r2pΩ
2
p is the nominal
torque (M and M∗ being the masses of the planet and
the star respectively and rp the location of the planet,
where the disk has height Hp and rotation frequency Ωp).
In (7), the coefficient a is the exponent of the gas sur-
face density profile, approximated as a power-law of type
Σg(r) = Σg(rp)/(r − rp)a around rp; similarly b is the ex-
ponent of the disk’s temperature profile, written as T (r) =
T0(rp)/(r − rp)b. Coherently with our assumption that the
ratio H/r in the disk is constant, we assume that b = 1. The
coefficient γ in (7) is the adiabatic index, in general assumed
to be equal to 1.4 and ξ = b− (γ − 1)a. In formula (7) the
first term within (.) is due to the so-called Lindblad torque;
the second one is due to the vortensity-driven corotation
torque and the last is due to the entropy-driven corotation
torque.
The functions fV(ν,M) and fE(ν, χ,M) are between 0
and 1 and depend on the disk’s viscosity ν and thermal
conductivity χ and the planet’s mass (Paardekooper et al.,
2011). In particular fV(ν,M)→ 0 as ν → 0; in other words,
the vortensity-driven corotation torque vanishes in the in-
viscid limit, which is called torque saturation. In this case,
the planet is capable of changing the surface density profile
of the disk in its corotation region towards the slope with
a = 3/2, which erases the corotation torque. However, this
is true only under the hypothesis that the viscous torque is
responsible of the original density profile in the disk. But,
in a low-viscosity disk, there must be other processes that
are responsible for shaping the pressure maximum, for in-
stance the magnetic stress (Bethune et al., 2017), or the
torque from an already existing planet opening a gap be-
tween two adjacent rings. It is reasonable to expect that
these processes would restore the original disk’s profile in
the planet’s corotation region, fighting against the planet’s
action. Thus, we may assume that fV(ν,M) ∼ 1 in our
case, although a specific evaluation would be needed once
the actual origin of the pressure maximum is understood.
The function fE(ν, χ,M)→ 0 if χ→ 0, i.e. in the adia-
batic limit, where thermal diffusivity is null. Instead, in the
isothermal limit (χ → ∞) the function fE tends to a limit
value f∞E (ν,M) < 1, which also tends to zero if ν → 0.
Thus a variety of values of fE can be envisioned.
There is a planet trap -where the planet stops migrat-
ing (Masset et al., 2006b)- where the term within [.] in
(7) vanishes. Assuming the limit case fV = fE = 1, this
happens at the location where a ∼ 1 (precisely: 0.95). i.e.
∼ 3w2/r0 beyond the pressure bump. If instead fV = 1
but fE = 0 the solution of the [.] = 0 equation occurs for
a = −2.55, i.e. ∼ 0.5w2/r0 inwards of the pressure bump
(which corresponds to a = −2). Notice that, if also the
vortensity-driven torque were strongly saturated (fV ∼ 0),
the equation [.] = 0 would not have solution: this means
that there would be no planet trap and the planet would
migrate out of the ring. Because this study makes sense
only if the planet is confined in the ring, we assume that the
vortensity-driven corotation torque is strongly desaturated
(fV ∼ 1, as justified above), so that the planet trap is at
a distance δw2/r0 from the pressure bump, with δ between
−0.5 and 3 depending on the actual degree of saturation of
the entropy-driven corotation torque. Thus, δ is a measure
of where the planet trap is relative to the pressure maxi-
mum, in units of w2/r0. The radial profiles of pressure, gas
and dust surface densities as well as the range of possible
locations of the planet trap and corresponding values of δ
are illustrated in Fig. 1. For completeness, had we assumed
a flared disk, i.e. with H/r ∝ r2/7 and b = 3/7, the planet
trap would be located at δ =0.15–2 (again, depending on
the saturation of the entropy-driven torque) and the max-
imum of the gas surface density distribution would be at
δ = 12/7.
The planet accretes pebbles/dust at a rate
M˙ = CΣd(rp) (8)
where Σd(rp) is the density of dust at the planet’s location
and the coefficient C depends on the accretion cross-section
of the planet and the velocity of the dust relative to the
planet, according to the various accretion regimes (Bondi
accretion, Hill accretion, 2D, 3D,...; see the compendium in
Ida et al., 2016).
From (4) the density of the dust at the planet trap is
Σd(rp) = Σd,0 exp
(
− δ
2w4
2r20w
2
d
)
= Σd,0 exp
(
−δ
2w2(α+ τ)
2αr20
)
(9)
3
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Fig. 1. The radial profiles of pressure (black), gas surface density (red) and dust surface density (blue) for the DHSARP ring B77,
from Dullemond et al. (2018) - see Sect. 3. The vertical scale of each profile has been renormalized for illustrative purposes. The
dashed thin red curves show the profiles r2.55 and 1/r, and their tangential points to the red solid curve shows the locations where
the gas surface density profile has locally these profiles. These two locations delimit the range of possible positions of the planet
at the migration trap, depending on the degree of saturation of the vortensity-driven corotation torque. Their distances relative
to the location of the pressure maximum are given in terms of the parameter δ, as well as the location of the maximum of the gas
surface density distribution. The widths w and wd in (1) and (4) are also graphically represented.
where we have expressed rp − r0 in terms of δ and used
(5) to pass from the second to the third expression. Notice
that, in a low viscosity disk with α δ2w2τ/(2r20), the dust
density (9) is exponentially small at the location δ of the
planet, so that the planet can accrete only at a slow rate.
This is a first big difference with respect to a disk without
pressure traps, where the dust density scales smoothly with
r (approximately ∼ 1/√r, assuming τ and the dust mass-
flux to be independent of r), so that, wherever the planet
is, it can accrete at a comparable rate.
If instead δ is small, Σd(δ) ∼ Σd,0. The velocity of the
gas relative to the planet becomes small, being
∆v =
1
2
H2Ω
r
d logP
d log r
=
1
2
δH2Ω
r0
. (10)
However, the planet’s accretion rate in the 3D Bondi
regime, for a given particle’s τ , is independent of ∆v and
it is equal to 3/2piR3HΩρd, where RH = rp[(M/(3M∗)]
1/3
is the Hill radius and ρd is the volume density of dust near
the midplane (Ida et al., 2016; Ormel, 2017). Thus the ac-
cretion rate is the same as in a disk without pressure bump
and dust surface density Σd,0.
A caveat, however, needs to be mentioned. At δ ∼ 0 the
gas near the planet’s orbit is not pressure-supported and
thus it has to follow horseshoe streamlines relative to the
planet even if the planet’s mass is small. The half-width of
the horseshoe region is xs = 1.16rp(M/M∗)1/2(H/r)−1/2
when the planet mass is small and tends to ∼ 2.5RH when
M/M∗ & 10−4 (Masset et al., 2006a). If one neglects the
perturbations of the planet on the gas, the nominal accre-
tion radius in the Hill regime is racc = (τ/0.1)
1/3RH . If
xs  racc, the dust reaches the Hill radius of the planet
without being substantially affected by the distortions of
the gas streamlines, so the nominal accretion radius is the
correct radius. But if xs & racc the specific flow of the gas
becomes important. Only the dust carried along a narrow
stream of gas around the separatrix of the coorbital mo-
tion is accreted by the planet. The radial width W (M, τ)
of this stream is a complicated function of planet mass and
particles’ Stokes number and is described in Kuwahara and
Kurokawa (2020). On the other hand, the shear velocity of
this dust relative to the planet is 3/2xsΩ, which is larger
than 3/2raccΩ. Using numerical simulations, Kuwahara and
Kurokawa showed that, if the dust density is radially uni-
form, these two effects approximately cancel out and the
actual accretion rate onto the planet is almost the same as
that computed, a priori incorrectly, using the nominal ac-
cretion radius. However, in the case of a ring, the density of
dust (4) is not uniform. Thus, the estimate of the dust ac-
cretion rate should be decreased by a factor exp(−x2s/2w2d).
In most cases this factor will be ∼ 1, but it can be signif-
icantly smaller if the ring is narrow (small wd) and the
planet massive (large xs).
In any case, the planet cannot accrete more dust that
the ring can deliver by diffusion and/or advection. Because
the dust density profile (4) is set by the equilibrium be-
tween diffusion and advection, we can use either of them to
evaluate the dust delivery rate to the planet’s orbit. Using
4
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the advection term (2) and expression (9), we find that the
planet’s accretion rate is capped by (assuming α τ  1):
M˙Max = 2×2pirpΣd(rp)vr(rp) = AτδΣd,0 exp
(
−δ
2w2τ
2αr20
)
,
(11)
with A = 4pirpH
2
pΩp/r0. Notice the first factor of 2 at
the right hand side of the first equal sign, which is due
to the fact that dust is delivered from both sides of the
planet’s orbit due to diffusion, unlike in a disk dominated
by advection, where the material flows only from one side.
For the reasons explained above if δ ∼ 0 the dust flux
should be computed by setting δ = max(racc, xs)r0/w
2
d.
For comparison, the maximal accretion rate in a disk with-
out pressure bump and dust density Σd,0 would be M˙Max =
4pir2pΩpτηΣd,0, i.e. a factor ∼ 1/δ exp[δ2w2τ/(2αr20)] larger
than the one in (11). Formula (11) has a maximum for δ =√
α/τr0/w, where M˙Max = A
√
ατr0/wΣd,0 exp(−1/2), i.e.
is proportional to the square root of the diffusion coefficient
in the disk.
Another aspect to consider about pebble accretion in a
ring is that the reservoir of solid mass is finite and equal
to the dust mass of the ring. As the planet is growing by
accreting dust, the total dust mass in the ring decreases as
Mring = M
init
ring −M , where M initring is the initial dust mass
in the ring and M is the mass of the planet. To obtain an
upper bound on the planetary mass as a function with time,
we assume that the planet always accretes at the maximal
possible rate (11). By approximating
Σd,0 =
Mring
(2pi)3/2r0wd
=
Mring
(2pi)3/2r0w
√
τ
α
, (12)
we find that the planet’s mass would evolve according to
the differential equation:
M˙ =
A
(2pi)3/2r0w
√
τ3
α
(M initring −M)δ exp
(
−δ
2w2τ
2αr20
)
(13)
whose solution is: M(t) = M initring[1− exp(Bt)], with
B =
A
(2pi)3/2r0w
√
τ3
α
δ exp
(
−δ
2w2τ
2αr20
)
. (14)
Thus, initially the planet grows with a rate that can be
small if αr20/τw
2  1 or τ3/αδ2  1 (remember it’s an
upper bound); then the rate slows down as the mass of the
planet approaches asymptotically the limit M initring.
3. An application: growth of a planet in a
DSHARP ring
To make a quantitative calculation of planet accretion in
a dust ring, we consider the rings studied in Dullemond et
al. (2018). In particular we choose the ring denoted B77 in
that paper, as it is the “median ring” in terms of distance
from the star and width. The properties of this ring given in
Dullemond et al. are: r0 = 75 AU, T = 22 K, wd = 4.5 AU,
Mdust = 40M⊕. These properties are deduced directly from
the observations. The maximal width of the pressure bump
w is estimated from the distance between adjacent rings
and is w = 17 AU. The radio wd/w sets α/τ = 7.7× 10−2.
Educated guesses on the gas density (Σg = 10g/cm
2), and
Fig. 2. The evolution of the mass of a planet of initially 0.1 M⊕
accreting pebbles in the B77 DHARP ring, for three different
locations (i.e. values of δ) relative to the position of the pressure
maximum as well as a case (black curve) where the planet
follows the (mass-dependent) location of the planet trap as it
grows, and therefore δ changes with time (from ∼ 0.2 to ∼ 0.4).
dust size then lead to τ = 3×10−3 and α = 2.3×10−4. Even
if there are large uncertainties on some of these parameters,
we are going to adopt them as fiducial numbers, for sake
of example. We also assume for simplicity that the central
star has the mass of the Sun, even though the real star
is 0.8M. These parameters have been used also to draw
Fig. 1, for illustrative purposes.
We consider a planetary seed with M = 0.1M⊕. We
first assume for sake of example that the planet is fixed at
three different locations (δ = 3,−0.5 or 0); then we follow
the expected location of the planet as its mass grows, using
the Paardekooper et al. (2011) formulæ for torque satura-
tion.
For the computation of the coefficient C in (8) we com-
pute the fraction of the local dust density accreted accord-
ing to the Bondi, Hill, 2D or 3D accretion regimes, following
the formulæ in Ida et al. (2016).
If the planet is at δ = 3, we find that the planet starts
(and remains) in the 3D Bondi accretion regime, so that
C =
√
8pi
Hd
R2B
ts
tB
∆v (15)
where ∆v is given in (10), the Bondi radius is RB =
GM/(∆v)2, the crossing time is tB = RB/∆v and the stop-
ping time is ts = τ/Ω. The mass evolution of the planet is
shown over the first 3 My in Fig. 2 (red curve). We have
kept the disk properties fixed over this amount of time,
for simplicity, but it would not be realistic to continue be-
yond this timescale, because the disk’s gas and dust density
should decay considerably. Also, we have no knowledge of
the actual lifetime of dust rings. The planet’s mass seems
constant, because it increases by only 12% on the consid-
ered timescale, which is invisible at the scale of the plot.
This is because at δ = 3 the dust density is very reduced,
as it can be seen by extrapolating the blue curve below the
lower boundary of Fig. 1.
If instead the planet is at δ = −0.5, the dust density is
higher and the growth is significantly faster. After 1.6 My
the planet has reached 0.27M⊕ and the accretion switches
to the 3D Hill regime, so that
C =
3
√
pi√
8Hd
R3H
τ
0.1
Ω . (16)
5
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The planet reaches a final mass of 0.8 M⊕ (Fig. 2, blue
curve).
If the planet at the dust trap it can grow at the maxi-
mal speed. In this case, the planet reaches 1.1M⊕ in the end
(Fig. 2, cyan curve), with a growth that is basically iden-
tical to that of a planet in a disk with dust density Σd,0
without pressure bumps, because xs  2
√
2wd through-
out the planet’s growth. In all three cases we considered,
the growth rate is much smaller than the maximum rate
reported in (13).
To add a bit of realism, we now compute, for each planet
mass, the expected location of the planet’s trap accounting
for the saturation of the corotation torques, and compute
the accretion rate of the planet at that location. To evaluate
the saturation of the corotation torques, we use the formulæ
(52) and (53) in Paardekooper et al. (2011) using the disk
parameters reported above, and an opacity κ = 0.03 cm2/g.
The result is illustrated by the black curve, which is very
close to the cyan curve for the planet at the pressure max-
imum. Indeed, in this case the planet starts at δ = 0.2,
i.e. very close to the pressure maximum, and slowly moves
away from it, reaching δ = 0.4 at the end of the simu-
lation, as labeled on the plot. Throughout the simulation,
the saturation functions fV and fE are very close to the val-
ues corresponding to the linear components of the torques,
namely 0.7/1.1 and 1.7/7.9 respectively (Paardekooper et
al., 2011). In fact, for the considered planetary masses
the ratios νrp/(x
3
sΩ) and χrp/(x
3
sΩ), which enter in the
saturation functions, are both much larger than unity, so
that the system is in the isothermal, high-viscosity regime
(Paardekooper et al., 2011).
We conclude that planetary seeds are unlikely to become
a sizable (observable) planet in this ring (and probably all
rings) observed by the DSHARP survey. This is consistent
with the fact that we observe these rings. In fact, if the rings
could form a planet containing most of their mass within
the lifetime of the disk, they would be no longer visible.
It is therefore interesting to rescale the considered ring
into the inner disk. For simplicity, we multiply r0, w and wd
by 0.067, so that r0 = 5 AU. We keep the same values of α
and τ . We multiply the mass of the ring by
√
0.067, which is
equivalent to assuming a disk’s global surface density profile
∝ 1/r3/2. We also reset the temperature to T = 120 K and
the aspect ratio to H/r = 0.05, which are appropriate for
a disk at 5 AU.
The mass growths for planets situated at δ = 3,−0.5
and 0 in such rescaled ring are illustrated in Fig. 3. Both
the planets located at δ = 0 and −0.5 grow at almost
indistinguishable rates and show the saturation effect dis-
cussed at the end of Sect. 2. In fact, they accrete all the
available mass (10.2M⊕) in less than 1/2 My. The planet
at δ = 3 grows much more slowly, although faster than in
the ring at 75 AU, and reaches in this case 3.5M⊕ at the
end of the simulation. The planet that is allowed to migrate
as it grows (black curve) shows a very interesting behavior.
Initially it is at δ = 0.6, but the planet trap moves far-
ther away from the pressure maximum as the planet grows,
reaching δ = 2.7 at M = 3M⊕. This limits the planet’s ac-
cretion rate relatively to the cases with δ = 0.5 or 0 showed
before, because the density of dust at large δ is lower. Fig. 3
labels the value of δ as a function of the planet mass. For
larger masses, the planet migrates back towards the pres-
sure maximum. This behavior is the effect of the corotation
Fig. 3. The same as Fig. 2, but rescaling the geometry of the
B77 DHSARP ring at 5 AU and increasing the dust surface
density ∝ 1/r3/2.
torques; fV and fE are initially close to the values cor-
responding to the linear components of the torques, then
they evolve towards ∼ 1 as the planet grows and further-
more they decrease as the ratios νrp/(x
3
sΩ) and χrp/(x
3
sΩ)
approach unity. As a result of this back and forth migra-
tion relative to the center of the ring, the planet reaches
the maximal mass of 10.2M⊕ at 2.5 My. However, we warn
that the saturation functions fV and fE are very sensitive
on the disk’s parameters, and different assumptions may
lead to different results and evolutions. Here we assumed
an opacity κ = 3 cm2/g. A lower values of κΣg would have
kept the planet closer to the pressure maximum, enhanc-
ing its accretion rate. Also, remember that it is unclear how
saturation would occur in presence of additional forces (e.g.
magnetic stresses) shaping the disk’s density profile.
Of course, we do not know whether rings of this kind
exist in the inner part of protoplanetary disks, but if they do
they can be effective sites to produce giant planet cores,
provided that the planet remains in the proximity of the
pressure maximum.
4. Conclusions
Pierre-Simon de Laplace is recognized to have been the
first scientist to theorize -back in 1796- the formation of
a circumstellar disk due to angular momentum conserva-
tion during the contraction of gas towards the central star
(Emmanuel Kant also had envisioned the formation of a
disk, but his reasoning was not scientifically correct). But
less known is that Laplace, to explain the final formation of
a discrete set of planets, envisioned that the circumstellar
disks would break in rings, each ring giving origin to one
planet. Astonishingly, modern resolved observations of pro-
toplanetary disks (Andrews et al., 2018) indeed show that
most of them are structured in rings.
In this paper we have examined how the now popular
paradigm of planet formation by pebble accretion changes
if the rings are due to pressure maxima that prevent the
global drift of dust in the disk. We have discussed in the
Introduction that the radial drift of dust through the entire
disk would lead to consequences (in terms of dust distribu-
tion, dust/gas ratio, formation of planets at the inner disk’s
edge) that are inconsistent with the observations. This sug-
gests that pressure maxima are ubiquitous in protoplane-
tary disks (Pinilla et al., 2012), probably also in the inner
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parts not yet observationally resolved by current instru-
ments.
In the analytic part of this paper (Section 2), we
have pointed out that planet Type-I migration is proba-
bly stalled in a ring, but the location at which the planet
is at rest is not necessarily the pressure maximum. It de-
pends on the degree of saturation of the so-called corota-
tion torques, particularly the one depending on the entropy
gradient (Paardekooper et al., 2010, 2011). Thus, the dust
accumulation may be offset from the planet’s radial posi-
tion by a significant amount. In this case the planet finds
itself in a low-density region of dust and its accretion is
necessarily slow.
If instead the planet location is near the pressure max-
imum, the dust density is high, but pebble accretion still
proceeds differently than in the classic case where dust has
a global radial drift. First, the difference in orbital velocity
between the planet and the gas/particles is much smaller
(it is null at the exact pressure maximum). Thus the Bondi
radius becomes very large and the accretion regime transits
to the Hill regime already at small planet’s masses (Ormel,
2017). Moreover, in absence of differential azimuthal ve-
locity imposed by the gas pressure gradient, the motion
of dust relative to the planet is governed by 3-body coor-
bital dynamics instead of being a simple flyby+drag pro-
cess (Kuwahara and Kurokawa, 2020). We showed, however,
that both these aspects have moderate effects on the accre-
tion rate of the planet, which remains similar to the one
that the same planet would have in a disk without pressure
maximum but with the same dust surface density.
More relevant is the fact that the planet cannot accrete
more mass than that advected towards the planet’s orbit in
the ring. The density profile in the ring is the result of the
balance between the drift of dust towards the pressure max-
imum and the turbulent diffusion in the disk (Dullemond
et al., 2018). Far from the pressure maximum the drift is
fast but the equilibrium surface density of dust is expo-
nentially low; approaching the pressure maximum it’s the
drift speed that tends to zero. Thus, the maximal accretion
rate is in general significantly smaller than the maximal
accretion rate in a classic, power-law disk and it can, in
some cases, effectively taper the mass growth of the planet.
Moreover, the reservoir of mass available to the planet is
finite (i.e. the total mass of the ring) so that the maximal
planet’s mass is bounded. We have obtained an analytic
formula of the mass evolution of a planet assuming that
it accretes at the maximal rate until exhausting the ring’s
dust reservoir. Of course this formula is derived from very
optimistic assumptions and serves just as an upper bound
of the real mass evolution.
In Section 3 we have computed the accretion rate of a
planet in a typical ring observed by the DSHARP survey
(Dullemond et al., 2018), using a numerical implementation
of the analytic formulæ. We have shown that if the planet
feels unsaturated corotation torques it basically does not
grow because it lays too far from the peak of the ring’s
dust density. If the planet lays closer to the ring’ s center
its accretion is more significant, but nevertheless insufficient
to grow the planet beyond one Earth masses in 3 My. But
it is fair to say that this inefficiency of planet formation is
not due to the dust being confined in a ring, but to the
long orbital timescales and low dust densities, even at peak
values.
This result suggests that it is unlikely that the DSHARP
rings themselves are the result of the formation of a first
generation of planets. In fact, in a disk with uniform den-
sity Σd,0, the formation of the first generation of planets
would still have taken as long as for the planet illustrated
by the magenta curve in Fig. 2, reaching at most ∼ 1M⊕.
And a planet with this mass is not enough to form a pres-
sure bump in a disk with 10% aspect ratio (Crida et al.,
2005). Only planets growing when the disk had a higher
dust density could have become more massive (Manara et
al., 2018). However, remember that without pre-existing
pressure bumps the dust would have drifted towards the
star on a timescale of 5,000 orbital periods (assuming a dif-
ferential velocity of the gas with respect to the Keplerian
velocity of 0.1cs and τ = 3 × 10−3). Thus, the first gen-
eration of planets would have rapidly stalled growing due
to the absence of solid material. These conclusions are in
apparent conflict with Pinte et al. (2020), who claim the
detection of velocity “kinks” in 8 of 18 circumstellar disks
observed by the DSHARP program, which could be due
to the presence of planets. However, we note that, if con-
firmed, these kinks would require the existence of planets of
multiple Jupiter masses; massive planets at such large dis-
tances could have formed by gravitational instability (see
e.g. Kratter and Lodato, 2016 for a recent review) rather
than core-accretion.
We have then “rescaled” the considered ring to 5 AU,
reducing its widths and vertical thickness proportionally
to its radial location and scaling the dust surface density
∝ 1/r3/2. In this case, if the planet is close to the ring’s
center, it can accrete the whole mass of the ring within
half My and can become a giant planet core. A planet let
free to position itself within the ring according to the mass-
dependent partial saturation of its corotation torques can
also accrete the full mass of the ring, although on a longer
timescale.
This experiment reveals another difference with respect
to the pebble-accretion paradigm in absence of pressure
bumps. In that case, the growth of a planet continues until
it reaches the so-called pebble-isolation mass (Lambrechts et
al., 2014; Bitsch et al., 2018), at which it creates a pressure
bump that stops the flux of pebbles. When this happens
there is no additional energy deposited by the accretion of
solids, the core can cool off and it can start accreting gas
(Lambrecths et al., 2014). This predicts that the cores of
giant planets should always be of the order of the pebble iso-
lation mass. For a planet in a disk with H/r = 0.05 (a typ-
ical value at 5 AU for a viscous accretion of ∼ 10−7M/y;
Bitsch et al., 2014), this should be ∼ 20M⊕. But the core
of Jupiter could be smaller than this estimate by a factor
of ∼ 3 (Wahl et al., 2017); there could even be no compact
core (Debras and Chabrier, 2019). A pebble-isolation mass
of ∼ 5–7 M⊕ would require H/r . 0.03 which, at 5 AU,
implies a very late disk with no accretional heating; but in
this case it would be hard to accrete the massive envelope
around the core. A suggested solution of this conundrum
is that part of the core has been eroded into the envelope
(Stevenson, 1985; Guillot et al., 2004). However, formation
in a ring could be another elegant solution. In fact, ac-
cretion stops when the mass of the ring is exhausted which
can happen well before the pebble isolation mass is reached.
From that point, accretion of gas could start. This would
produce giant planets with small cores.
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